analyses, controlling for socio-demographic, behavioral, and dietary factors. Results During the 25-year follow-up, a total of 1069 incident cases of MetS were identified. LCω3PUFA intake was inversely associated with the incidence of MetS in a dose-response manner. The multivariable adjusted hazards ratio (HR) [95 % confidence interval (CI)] of incident MetS was 0.54 (95 % CI 0.44, 0.67; P for linear trend < 0.01) as compared the highest to the lowest quintile of LCω3PUFA intake. A threshold inverse association was found between non-fried fish consumption and the incidence of MetS. The multivariable adjusted HRs (95 % CIs) from the lowest to the highest quintile were 1.00, 0.70 (0.51, 0.95), 0.68 (0.52, 0.91), 0.67 (0.53, 0.86), and 0.71 (0.56, 0.89) (P for linear trend = 0.49). The observed inverse associations were independent of the status of baseline individual components of MetS. Conclusions Our findings suggest that intakes of LCω3PUFAs and non-fried fish in young adulthood are inversely associated with the incidence of MetS later in life.
Introduction
The prevalence of metabolic syndrome (MetS) in the U.S. has persistently increased over the last two decades, and is estimated to affect approximately one-third of American adults [1] . Studies have reported that certain dietary factors are associated with the risk of developing MetS. Fish, the major dietary source of long-chain ω-3 polyunsaturated fatty acid (LCω3PUFA), is of great interest, because evidence suggests that fish oil supplementation may have beneficial effects on lipid profile and blood pressure (BP), which are associated with MetS [2, 3] . However, data directly relating fish or dietary LCω3PUFA intake to the risk of MetS are sparse. Several cross-sectional studies reported an inverse correlation between fish consumption and prevalence of MetS [4] [5] [6] , whereas some other cross-sectional analyses found no association [7] [8] [9] . One prospective cohort study conducted in a Korean population reported an inverse association between fish intake and the incidence of MetS in male Koreans [10] . However, whether findings from that study can be generalized to other ethnic populations is uncertain. Therefore, we prospectively examined fish and dietary LCω3PUFA intake in relation to the incidence of MetS in a large cohort of African American and Caucasian young adults participating in the Coronary Artery Risk Development in Young Adults (CARDIA) study.
Methods

Study population
The CARDIA study is an ongoing, multicenter, community-based, prospective cohort study designed to investigate the influence of physiological, psychological and other lifestyle factors on the development of risk factors for cardiovascular disease among African American and Caucasian young adults. The detailed descriptions of the study design have been published [11] . In brief, 5114 men and women, aged 18-30 years, were initially enrolled from four US cities including Birmingham, Alabama; Chicago, Illinois; Minneapolis, Minnesota; and Oakland, California at baseline from 1985 to 1986. Gender, age, race, and status of education of the participants in this cohort were roughly balanced at baseline by design. To date, seven follow-up examinations have been completed. In the present study, exclusions were made in a sequential manner. Participants who were determined to have MetS (n = 110) or diagnosed with diabetes (n = 24) at baseline were excluded. Participants were also excluded if they had missing data on diet (n = 4), body mass index (BMI, n = 15), smoking status (n = 34), alcohol consumption (n = 18), physical activity (n = 1), or any component of MetS (n = 113) at baseline. Participants were further excluded if they had insufficient information for defining incident MetS at any follow-up exam (n = 166) and excluded if they reported implausible total energy intake at diet measurements (n = 43; <800 or >8000 kcal/day for men; <600 or >6000 kcal/day for women). To be conservative, pregnant women at any examination (n = 230) were excluded. After these exclusions, a total of 4356 participants remained in the analyses. Written informed consent was obtained from all study participants. The study design, data collection, and analyses were approved by the institutional review boards of the participating centers.
Ascertainment of fish consumption and LCω3PUFA intake
The details of diet assessment and validation of fish consumption and LCω3PUFA intake in CARDIA have been described previously [12] . In brief, dietary data including fish consumption were obtained at baseline and exam years 7 and 20, using an interviewer-administered CARDIA Diet History Questionnaire [13, 14] . Reported foods and beverages were grouped into food groups according to the Nutrient Data Software for Research (NDSR) food grouping scheme [15] . Daily intake of each food or beverage group was calculated as the sum number of servings consumed per day. Fish consumption was categorized into fried and non-fried fish, recognizing that the risk of cardiovascular disease may be influenced by the preparation method, especially frying [16] . Because of skewed and narrow distribution of fried fish consumption, we did not use fried fish data as an exposure of interest, but adjusted for fried fish intake when examining non-fried fish. Nutrient intake was calculated based on the updated nutrient database version 36 (Nutrition Data System for Research [NDS-R] 2005) from the Nutrition Coordinating Center (NCC) at the University of Minnesota, Minneapolis, MN. In the present study, LCω3PUFA intake was calculated based on both food and supplemental sources, and was defined as the sum of eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA). DPA was not used in the analyses as a separate exposure due to a relatively small amount and narrow distribution.
The CARDIA Diet History Questionnaire was evaluated for the reliability and comparative validity in 128 individuals. The correlation coefficients for logarithmically transformed nutrient values and energy-adjusted nutrient values from two dietary histories ranged from 0.50 to 0.80 for Caucasians and 0.30 to 0.70 for African Americans [14] .
Measurements of other covariates
Socio-demographic variables including age, gender, race and years of education at baseline were obtained by interview or self-administered questionnaire and verified during clinical examinations. The major lifestyle variables and clinical measurements were reevaluated in the follow-up examinations. Concurrent smoking status was self-reported and classified as never, former, and current smokers. Cumulative average alcohol consumption was classified into four groups based on daily intake measured by validated questionnaire: 0 (never drink), 0.1-9.9, 10-19.9 and ≥20 g/day. Physical activity was assessed using the interviewer-administered, validated, CARDIA Physical Activity History Questionnaire [17] . The physical activity (PA) score was calculated in exercise units (EU) reflecting the frequency and duration of activity over the previous year. A score of 100 EU is approximately equivalent to participation in a vigorous activity for 2-3 h/week for 6 months of the year. Cumulative average PA was categorized into quintiles.
Metabolic syndrome ascertainment
Waist circumference was measured at the maximum abdominal girth, and all anthropometric measures were taken in duplicate and averaged. BP was measured using a random-zero sphygmomanometer in the first six examinations (i.e. exam years 0, 2, 5, 7, 10 and 15) and the OmROn HEM907XL at exam years 20 and 25 by trained and certified technicians [18] . BP measurements were taken three times on the right arm with the participant seated at 1-min intervals after 5 min of rest. The average of the second and third measurements was used for the analyses. Systolic and diastolic BPs were recorded as phase I and V Korotkoff sounds through year 15 examination. To make the BPs across examinations more comparable, systolic and diastolic BPs at exam year 20 and 25 were calculated as follows: estimated systolic BP = 3.74 + 0.96 × observed OmROn systolic BP; estimated diastolic BP = 1.30 + 0.97 × observed OmROn diastolic BP based on a study in 900 participants [18] .
Serum glucose was measured at year 0 using the hexokinase ultraviolet method by American Bio-Science Laboratories (Van Nuys, California), and at years 7, 10, 15, 20 and 25 using hexokinase coupled to glucose-6-phosphate dehydrogenase by Linco Research (St. Louis, Missouri). Plasma high-density lipoprotein cholesterol (HDL-C), and triglycerides were determined using an enzymatic assay by Northwest Lipids Research Laboratory (Seattle, Washington) at all exam years. The quality control for lipid profile measurement was expressed as intraassay technical error calculated as d 2 /2n × 100, where d is the difference between measurements of duplicated samples and n is the number of paired specimens. In particular, the technical error was 3.9 % for HDL and 8.4 % for triglycerides [19] .
MetS was defined using the National Cholesterol Education Program/Adult Treatment Panel III definition at all eight examinations. Participants with three or more of the following were determined to have MetS: fasting glucose level ≥6.1 mmol/L; systolic BP ≥ 130 or diastolic BP ≥ 85 mmHg; waist circumference >88 cm for women or >102 cm for men; triglyceride level ≥1.7 mmol/L; HDL cholesterol level <1.3 mmol/L in women or <1.04 mmol/L in men [20] . Participants who reported using antidiabetic or antihypertensive medications were regarded as having high glucose or high BP.
Statistical analysis
Baseline characteristics of the study population by quintiles of LCω3PUFA intake were described with mean (standard deviation, SD) for normally distributed or approximately normally-distributed variables (e.g., non-fried fish consumption and BMI), medians (interquartile range, IQR) for variables with skewed distribution (e.g., alcohol intake and physical activity), and proportions for categorical variable (e.g., gender and race). The difference in these baseline characteristics by quintiles of LCω3PUFA intake were compared using analysis of variance, the Kruskal-Wallis test or the Chi-squared test, as appropriate.
The Cox proportional hazards regression model was used to examine intakes of LCω3PUFAs, DHA, EPA and non-fried fish in relation to incidence of MetS. To reduce measurement errors caused by within-person variation and to best represent the long-term dietary intakes, we used cumulative average nutrient intake from the measurements at baseline and exam years 7 and 20 in the analysis. For example, we related LCω3PUFA intake reported at baseline to the new cases identified at exam years 2 and 5; the average LCω3PUFA intake reported at baseline and year 7 to the new cases identified at exam years 7, 10 and 15; and the average LCω3PUFA intake reported at baseline, years 7 and 20 to the new cases identified at years 20 and 25. The linear assumption between the continuous covariates and the log (HR) was tested by using restricted cubic spline method [21] .If there was a linear association between a certain covariate and the log (HR), we treated the covariate as a continuous variable (e.g. age and education) in the model; if not, we categorized it based on either quintiles (e.g. physical activity) or the objective cut-off points (e.g. BMI).
Intakes of LCω3PUFA, DHA and EPA were divided into quintiles based on their distributions. Fish consumption was categorized into five groups based on the Health Professionals Follow-up Study and the Nurse's Health Study: <1 serving/month, 1-3 servings/month, 1 serving/ week, 2-4 servings/week, and ≥5 servings/week [22] . We used a sequential covariates-adjusted strategy in the Cox model. Model 1 (initial model): adjustment for age, gender, race, and study center. Model 2 (final model): Model 1 with additional adjustment for education, smoking status, alcohol consumption, physical activity, BMI and family history of diabetes. In Model 2, fried fish consumption (yes vs. no) was also adjusted when non-fried fish was examined. P for trend was tested by using medians in each quintile or category exposure of interest. To examine whether gender or race is an effect modifier, the interaction of gender or race and the exposures of interest was detected by using a likelihood ratio test. We also examined whether statin (one of the lipid-lowering drugs) usage would modify the results.
In addition, we conducted the following sensitivity analyses based on the final model (Model 2). First, we considered dietary variables and additionally adjusted for a few potential dietary confounders including intakes of protein, saturated fatty acid, polyunsaturated fatty acid, and total energy (Model 3a). Second, to investigate whether the associations were confounded by dietary pattern extracted by principal component analysis, we additionally adjusted for total energy intake and two dietary patterns (quintiles): one reflects higher intake of vegetables, fruits, whole grains, nuts and seeds; and the other one reflects higher intake of refined grains, red and processed meats, fried potatoes, and sugar sweetened beverages (Model 3b). Third, we additionally adjusted for the status of baseline individual components of MetS (Model 4). BMI was excluded in this analysis because it is highly correlated to waist circumference.
We also examined intakes of LCω3PUFAs and non-fried fish in relation to each component of MetS. For example, we considered participants to have incident abnormal BP if their systolic BP was ≥ 130 mmHg or diastolic BP was ≥ 85 mmHg or if they were using antihypertensive medications in any of the follow-up examinations. Prevalent events at baseline were excluded in the analyses for each component.
All analyses were performed by using SAS version 9.3 (SAS Institute Inc., Cary, North Carolina, USA). P ≤ 0.05 was considered statistically significant.
Results
Baseline characteristics by quintiles of LCω3PUFA intake are shown in Table 1 . The average intakes of LCω3PUFAs were 0.03, 0.07, 0.11, 0.18 and 0.40 g/day across quintiles. Compared with participants in the lowest quintile of LCω3PUFA intake, those in the highest quintile were slightly older, less likely to be female, and less likely to be current smokers. They had more years of education, a higher amount of alcohol consumption, and more physical activities. In addition, they reported higher intakes of total energy, fiber, saturated fat, polyunsaturated fat, and protein.
For the five components of MetS, no significant differences across quintiles of LCω3PUFA intake were found except HDL cholesterol level, which was higher among participants in the highest quintile of LCω3PUFA intake. There was no significant difference in BMI, either.
During the 25-year follow-up, a total of 1069 incident cases of MetS were identified. LCω3PUFA intake was inversely associated with the incidence of MetS in a doseresponse manner. The incidence of MetS was 46 % lower for participants in the highest quintile of LCω3PUFA intake as compared with those in the lowest quintile after adjustment for potential non-dietary confounders (Model 2: HR 0.54; 95 % CI 0.44, 0.67; P for trend < 0.01). When examining EPA and DHA separately, DHA intake (HR 0.36; 95 % CI 0.29, 0.44; P for trend < 0.01) showed a greater inverse association with incidence of MetS than that of EPA (HR 0.69; 95 % CI 0.56, 0.84; P for trend < 0.01). For non-fried fish consumption, a significant inverse threshold association with incidence of MetS was observed. The multivariable adjusted HRs (95 % CIs) from quintile 1 to quintile 5 were 1.00 (reference); 0.70 (0.51, 0.95), 0.68 (0.52, 0.91), 0.67 (0.53, 0.86), and 0.71 (0.56, 0.89) (P for linear trend = 0.49) ( Table 2 ). When stratifying data by gender or race, the inverse associations were not appreciably modified (data not shown).
For the individual components of MetS, the identified incident events numbered 1607, 736, 1384, 1248 and 1641 for meeting abnormal criterion of BP, fasting glucose, HDL cholesterol, triglycerides, and waist circumference, respectively. LCω3PUFA intake was inversely associated with all five components of MetS in a dose-response manner in this cohort. For non-fried fish consumption, a dose-response relationship was documented with abnormal HDL and triglycerides, and a threshold association was observed with abnormal blood pressure, glucose, and waist circumference (Table 3) .
In sensitivity analyses, we first considered potential dietary confounders. After additional adjustment for intakes of protein, saturated fat, polyunsaturated fat, and total energy, the results remained (Model 3a in Table 2 ). Second, we explored if a dietary pattern would affect our results. After additionally adjusted for two dietary patterns, the observed associations were unchanged (Model 3b in Table 2 ). Third, we additionally adjusted for the status of baseline individual components of MetS based on model 2. The findings were not materially altered (Model 4 in Table 2 ). Finally, statin use may affect the levels of HDL cholesterol and triglycerides. However, the results for fish or LCω3PUFA intake in relation to HDL cholesterol and triglycerides levels were similar after adjustment for statin use (data not shown).
Discussion
In this prospective cohort study with 25 years of follow-up, we found that LCω3PUFA intake and non-fried fish consumption were inversely associated with the incidence of ). Fried fish consumption (yes vs. no) was also adjusted when non-fried fish was the exposure d Model 3a (sensitivity analysis): model 2 with additional adjustment for intakes (quintiles) of protein, saturated fatty acid, polyunsaturated fatty acid, and total energy e Model 3b (sensitivity analysis): model 2 with additional adjustment for "Fruit-Vegetable" pattern (quintiles), meat pattern (quintile) and total energy intake (quintile) f Model 4 (sensitivity analysis): model 2 with additional adjustment for each component of metabolic syndrome at baseline, except baseline body mass index, because it is highly correlated with waist circumference MetS and its individual components. The inverse associations were independent of the status of baseline individual components of MetS and were consistent across gender and racial groups. A few cross-sectional studies have been conducted to investigate the correlation between fish or LCω3PUFA intake and risk of MetS, and the results were inconsistent [4] [5] [6] [7] [8] [9] . Although one prospective cohort study conducted in a Korean population reported an inverse association between fish consumption and the incidence of MetS in male Koreans, the duration of follow-up (4 years) was relatively short and the results might not be generalizable to other ethnicities [10] . In addition, most of the previous studies were conducted in middle-aged or elderly populations, who were likely to have already had onset of metabolic abnormalities and may have modified their lifestyle for disease prevention or treatment. Our study adds new evidence that fish consumption in young adulthood may be beneficial to primary prevention of MetS later in life.
Findings from the present study are biologically plausible. Studies suggest that fish oil supplementation may have anti-hypertensive effects especially in hypertensive patients [23, 24] . Also, the hypotriglyceridemic effects of fish oil supplementation are well documented from both epidemiological and intervention studies [2, 3, 25] . Although findings from previous studies were inconsistent, systematic reviews found that fish oil supplementation led to a modest, but significant increase in HDL cholesterol levels (0.01 mmol/L; 95 % CI 0.00-0.02 mmol/L) [26] , and an averaged increment of 13 % in LDL cholesterol levels [27] . Also, experimental studies suggest that LCω3PUFA intake may attenuate weight gain with aging or reduce energy intake [28] [29] [30] . In addition, the effect of LCω3PUFA on glucose metabolism has become a subject of debate. Despite a number of studies suggesting that dietary LCω3PUFA intake or fish oil supplementation may improve glucose metabolism and insulin sensitivity [31, 32] , some other studies did not show significant changes in indices of glucose metabolism [33, 34] , and one study even suggested that intake of LCω3PUFAs may increase the risk of diabetes [35] . Nevertheless, our study adds evidence to the literature in favor of the beneficial effects of LCω3PUFA intakes on glucose metabolism. Table 3 Multivariable-adjusted HRs (95 % CIs) of incident abnormal individual components of metabolic syndrome by intakes of LCω3PUFAs and non-fried fish, the CARDIA study, All models were constructed using Cox proportional hazards regression analysis. The models were adjusted for the covariates listed for model 2 in Table 2 CARDIA Coronary Artery Risk Development in Young Adults, CI confidence interval, HDL high-density lipoprotein, HR hazard ratio, LCω3PUFA long-chain ω-3 polyunsaturated fatty acid a P for trend was examined by using medians in each quintile exposure of interest In the present study, DHA suggested a greater benefit on MetS and its components as compared to EPA (Table 2 and  appendix Table in Online Resource). Although evidence is not entirely consistent, some previous studies provide plausible explanations for these results. DHA was suggested to be more effective in lowering BP than EPA [12, 36] . In addition, several studies reported significant effects of DHA, but not EPA supplementation on HDL cholesterol [37, 38] . Moreover, a recent meta-analysis reported that DHA raised HDL cholesterol levels compared with a placebo, whereas EPA did not [39] . That meta-analysis also reported a greater reduction of triglyceride levels by DHA as compared to EPA in pooled analyses [39] . Furthermore, a study found a significant inverse correlation between phospholipid DHA levels, but not EPA, and BMI change, suggesting that DHA may be more effective than EPA [40] .
Because of the extra double bond and increased carbon length, DHA takes much more space than does EPA in the membrane. In addition, potency of the metabolites of EPA and DHA are often markedly different to the parent LCn-3PUFA, and divergence in efficiency of enzymes to metabolize EPA and DHA can contribute to observed diversity in cellular response [41] .
Most of the previous studies did not report information on the preparation method for fish consumption. Frying, especially deep frying, may reduce LCω3PUFA content and potentially generate trans-fatty acids and/or oxidative factors that could substantially attenuate or even reverse the benefits of fish intake [16] . These studies might underestimate or confound the true effects of fish consumption by combining non-fried and fried fish. Our study found an inverse threshold association between non-fried fish consumption and incidence of MetS. The mechanisms for this threshold relation are not completely understood. Presumably, the potential beneficial effects of fish consumption on MetS in the higher intake groups were attenuated by the relatively high contaminants in fish. However, in the present study, the association between non-fried fish consumption and incidence of MetS was not appreciably changed after adjustment for toenail mercury levels measured at exam year 2 (data not shown).
The strengths of our study include the prospective design, a relatively large sample size, and 25-years of follow-up. In addition, we used cumulative average dietary intakes from multiple measurements during the followup, which should reduce the random measurement error and provide a better estimate of habitual intake than a single estimate. Several limitations should be highlighted. First, the possibility of residual confounding or bias from unknown or unmeasured factors cannot be completely ruled out even though we considered a number of dietary and non-dietary potential confounders and did some sensitivity analyses. Second, dietary measurement errors are inevitable. However, this may not substantially bias our results because this non-differential measurement error is likely to attenuate rather than accentuate the potential benefits. In addition, we could not assess LCω3PUFA intake and non-fried fish consumption simultaneously due to a relatively high correlation between them. Thus, we could not determine whether the association of nonfried fish intake is still present, after taking into account the intake of LCω3PUFAs. In addition, the great majority of LCω3PUFA intake in this study is from fish consumption. Only approximately 5 % of participants used fish oil supplements. The association between the dietary and total LCω3PUFA intake and incidence of MetS are similar (data not shown). However, our capability of examining the effect of fish oil supplementation is limited.
In conclusion, findings from this prospective cohort study suggest that LCω3PUFA intake and non-fried fish consumption in young adulthood are associated with lower incidence of MetS later in life. This study provides evidence supporting the recommendations of fish consumption or LCω3PUFA intake for the primary prevention of MetS.
